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Abstract 
Field monitoring of soil moisture and the groundwater level is important in predicting slope failure due to heavy 
rainfall. We investigated the use of ultrasonic waves for monitoring these conditions. Two methods for embedding 
the ultrasonic detector in the ground were investigated: partial embedding and complete embedding. With partial 
embedding the detector head and electrical connection are above ground and the lower part of the detector is in the 
ground. This type of embedding is easy, but disturbs the landscape and the detector is subject to vandalism and 
animal damage.  With complete embedding the detector and electrical connection are both in the ground, with 
nothing exposed. This eliminates the problems mentioned. To enable the use of a short detector that can be 
completely embedded, high frequency (95 kHz) ultrasonic waves are used. Indoor experiment demonstrated that a 
completely embedded short detector using 95-kHz waves can monitor soil moisture and the groundwater level and 
thus be used in predicting slope failure. 
© 2011 Published by Elsevier Ltd.
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 IntroductioQ
Slope failure due to heavy rainfall is mainly caused by increasing soil weight and decreasing soil shear 
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strength as a result of increasing water content and/or groundwater levels. Thus, monitoring soil moisture 
is important in predicting slope failure. Conventional soil-monitoring systems generally use a tensiometer 
or permittivity soil-moisture sensor to monitor soil moisture [1]. Our group previously reported a novel 
monitoring method using ultrasonic waves. Soil moisture and groundwater level are monitored by the 
intensity and the propagation time of waves reflected from the underground soil surface [2, 3]. The 
detector is partially embedded in the ground with its head and electrical connection above ground. This 
facilitates placement, but the detector head and electrical connection are subject to vandalism by people 
or damage by wild animals. We have proposed an alternative method that the detector is completely 
embedded underground. This embedding eliminates the above problems. This paper describes the features 
of the partial embedding and complete embedding, and indoor experimental results of monitoring using 
the completely embedded detector. 
2. Monitoring Principle 
The detector consists of a waveguide pipe open at the bottom and an ultrasonic transducer set inside 
the top cap, as shown in Fig. 1. The detector is embedded in the ground vertically with its bottom end 
touching the underground soil. The ultrasonic waves generated by the transducer travel down in the pipe, 
are reflected at the surface of the underground soil, and travels back to the transducer (i.e., receiver). 
Burst waves of 40 kHz were used in the experiments using a partially embedded detector.  
The waveforms of the reflected waves differ depending on the moisture state of the underground soil, 
as illustrated in Fig. 2. Their intensity is higher in a wet state (Fig.2 (b)) than in a dry state (Fig. 2 (a)). 
This is due to decreased scattering at the surface of soil when the water content is higher. When the soil is 
saturated with water, the scattering is negligible and most incident ultrasonic waves are reflected. In the 
fully saturated state, the propagation time decreases with an increase in the groundwater level (Fig. 2 (c)). 
We can thus monitor both an increase in soil moisture from the reflected intensity and an increase in 
groundwater level from the propagation time by using only one detector. 
3. Partial embedding and complete embedding 
We have investigated two methods for embedding the ultrasonic detectors, partial embedding and 
complete embedding. Illustrations of both methods and their features are shown in Table 1. In the partial 
embedding, the waveguide pipe is inserted into the ground so that the detector head and the electrical 
connection are above the ground.  This setting is easy, but the landscape around the detectors is disturbed, 
and the detector head and the electrical connection are subject to vandalism by people or damage by 
animals in fields. A pipe length of 30 cm to 2 m is used depending on the monitoring depth. A low 
ultrasonic frequency (40 kHz) is used to suppress the attenuation of ultrasonic power over the long 
Fig. 2 Reflected waveforms in dry, wet and saturated states. 










Fig. 1 Ultrasonic detector 
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propagation path. In the complete embedding, on the other hand, the detector is completely set in the 
ground. This embedding does not disturb the landscape and the detector is not subject to the problems 
described above. The influence of the air temperature is weak. The short pipe is required to be embedded 
in the shallow depth. However, it is difficult to obtain sufficient measurement resolution with an 
ultrasonic frequency of 40 kHz, if the pipe is less than 30 cm long. We thus increased the frequency to 95 
kHz to obtain sufficient resolution for the shorter pipe. Since there is less attenuation of ultrasonic power 
in a shorter pipe, the use of a higher frequency is not a problem.  
Table 2 shows the waveforms of 40-kHz ultrasonic waves reflected from dry soil and from water 
surface measured using a 30-cm waveguide pipe and those of 95-kHz waves using a 20-cm waveguide 
pipe. Sharper waveforms were observed for the 95-kHz detector. Decomposed granite soil was used in 
this experiment. 
Table 1. Embedding of ultrasonic detectors 
4. Evaluation 
The completely embedded detector was evaluated by an indoor artificial rainfall experiment. Toyoura 
sand having a maximum particle size of 2.0 mm and an average particle size of 0.26 mm was fully dried 
and packed into a soil tank. A 95-kHz ultrasonic detector with a 20-cm waveguide pipe was vertically 
embedded in the soil in the tank so that its lower end was at a depth of 25 cm, meaning that the detector 
head was 5 cm deep from the ground surface. An EC-5 permittivity soil-moisture sensor was embedded 
next to the detector at the same depth to measure the volumetric water content of the soil. The soil tank 
with these detectors embedded was placed under the artificial rainfall simulator. The rainfall intensity was 
about 5 -10 mm/h. 
Figure 3 shows the ultrasonic reflective intensity and propagation time as a function of elapsed time.  
The temperature dependences of the intensity and the propagation time were calibrated [4], and the 
calibrated values were normalized using the initial values at the rainfall start time.  An abrupt increase in 
water content was detected by the moisture sensor at about 4 h after the rainfall started, and the reflective 
intensity also showed a similar abrupt increase. These abrupt increases mean that the soil changed from a 
dry state to a wet state at the lower end of the detector due to water infiltration from the ground surface.  
We stopped the rainfall at 6.5 h, and then supplied water from the bottom of the soil tank through a valve. 
The propagation time was constant until 7 h and then decreased. These findings indicate that the 
groundwater level reached the lower end of the waveguide pipe at about 7 h, and then the water rose in 
the pipe. These changes observed using a completely embedded 95-kHz ultrasonic detector are similar to 
those observed previously using the partially embedded 40-kHz ultrasonic detector [4]. This means that 
Embedding type Partial embedding Complete embedding 
Difficulty of setup Easy Moderate 
Effect on landscape  Disturbing None 
Risk of damage  High Low 
Effect of air temperature Strong Weak 
Length of  pipe 30 cm - 2 m 10 - 20 cm 
Illustration
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the shorter 95-kHz detector can be completely embedded in the ground and used to monitor soil moisture 
and the groundwater levels. 
Table 2. Reflected waveforms  
5. Summary 
We investigated two methods for embedding ultrasonic detectors. A 95-kHz detector with a short 
waveguide pipe was used to be completely embedded in shallow soil. Rainfall experiment demonstrated 
that this 95-kHz detector works as well as the partially embedded 40-kHz detector for monitoring soil 
moisture and the groundwater levels. 
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Fig. 3 Changes in reflective intensity, propagation time, and 
water content with elapsed time. 
